Organismal life history traits are ideally adapted to local environments when an organism has a 20 fitness advantage in one location relative to conspecifics from other geographies. Local 21 adaptation has been best studied across, for example, latitudinal gradients, where organisms 22
may tradeoff between investment in traits that maximize one, but not both, fitness components 23 of somatic maintenance or reproductive output in the context of finite environmental resources. 24
Latitudinal gradients in life history strategies are traditionally attributed to environmentally 25 mediated selection on an animal's genotype, without any consideration of the possible impact of 26 associated microorganisms ('microbiota') on life history traits. Here we show that in Drosophila 27 melanogaster, a key organism for studying local adaptation and life history strategies, 28 associated microorganisms can drive life history variation. First, we reveal that an isogenic fly 29 line reared with different bacteria vary the investment in early reproduction versus somatic 30 maintenance, with little resultant variation in lifetime fitness. Next, we show that in wild 31
Drosophila the abundance of these same bacteria was correlated with the latitude and life 32 history strategy of the flies, and bacterial abundance was driven at least in part by host genetic 33 selection. Finally, by eliminating or manipulating the microbiota of fly lines collected across a 34 latitudinal gradient, we reveal that host genotype contributes to latitude-specific life history traits 35 independent of the microbiota; but that the microbiota can override these host genetic 36 adaptations. Taken together, these findings establish the microbiota as an essential 37 consideration in local adaptation and life history evolution. that the microbiota plays an important role in local adaptation. 48
Introduction 50
Life history tradeoffs have long been recognized as a widespread feature of local adaptation 51 and have been the focus of many empirical studies (1, 2). An animal's life history reflects its 52 allocation of resources and time to maximize reproductive output, subject to natural selection 53 and tradeoffs along a 'fast-slow' continuum (3-5). At the 'fast' end, organisms develop to 54 reproductive maturity more quickly and have high early fecundity; whereas a 'slow' lifestyle 55 favors somatic maintenance and lower initial reproduction across longer lifespan (6, 7). These 56 insights have been developed in the context of an environment-genotype centric framework, 57 focused on geography-specific environmental selection on the organismal genotype mediated, 58 for example, by temperature or photoperiod (8, 9) . The consequent variation in genotype has 59 been linked to various physiological and behavioral characters collectively described as the 60 pace of life syndrome (4, 10). 61
62
The rationale for this study is the abundant evidence that key life history traits (e.g. development 63 rate, fecundity, lifespan) and correlated physiological traits can be influenced by the presence 64 and composition of associated microorganisms ('microbiota') (11-17). To date, research on 65 interactions between microbiota and the life history strategy of the host has focused exclusively 66 on how inter-and intra-specific variation in host life history strategies influence the microbiota, 67 e.g. (18, 19) . The reverse question -the impact of the microbiota on the life history strategy of 68 the host, including the evolution of locally-adapted populations -has, to our knowledge rarely 69 been considered (20), and has not been investigated empirically. 70 71 Drosophila melanogaster is an excellent system to address the impact of the microbiota of host 72 life history strategy because both its life history and microbiota are well-studied. Considering its 73 life history first, tradeoffs and their role in local adaptation have been demonstrated, especially 74 in relation to latitudinal clines in allele frequencies for fitness-associated traits (21-25), candidate genes (26-30), and genome-wide patterns (31-33). In particular, D. melanogaster adopt different 76 life history strategies across a latitudinal gradient in the eastern United States. Flies at high 77 latitudes, e.g. Maine, occupy the 'slower', somatic maintenance-promoting end of the fast-slow 78 continuum (long lifespans and stress survival, high fat storage); whereas flies at low latitudes, 79 e.g. Florida, invest in rapid development and early reproduction (21, 34, 35) . Turning to the gut 80 microbiota, a growing body of research has revealed that the gut microbiota of D. melanogaster 81 is of low diversity, represented by <100 species, usually dominated by acetic acid bacteria 82 (AAB) of the family Acetobacteraceae, including Acetobacter species, or lactic acid bacteria 83 (LAB) from the order Lactobacillales, including the genera Lactobacillus, Enterococcus, and 84
Leuconostoc (36-41). As in many other animals, the D. melanogaster microbiota varies both 85 among individual hosts and over time within an individual animal (42, 43), and this variation is 86 shaped by both deterministic factors, e.g. host genotype, among-microbe interactions, diet 87 composition (44-49) and stochastic processes of passive dispersal and ecological drift (50-53). 88
The gut microbiota of D. melanogaster microbiota is also readily manipulated in the laboratory: it 89 can be eliminated by bleach treatment; the dominant taxa are fully culturable; and microbial 90 communities of defined composition can be administered by direct inoculation to bleach-91 sterilized fly eggs on a sterile diet, generating gnotobiotic flies (54). If no bacteria are reapplied, 92 the resultant "axenic" insects develop and reproduce with no evidence of generalized malaise 93 (55). 94
95
The basis for this study is the observation that presence and composition of the D. 96 melanogaster microbiota affect key traits of D. melanogaster that underpin life history strategy, 97 including development rate, lifespan and fecundity (55-63). We hypothesized that the microbiota 98 might, therefore, influence patterns of local adaptation in D. melanogaster. We asked three 99 questions: 1) How does the microbiota influence traits contributing to the life history strategy of 100 their host? 2) Does the taxonomic composition of the microbiota in D. melanogaster vary with geographical location along the latitudinal cline in eastern USA? 3) What are the relative 102 contributions of host genotype and the microbiota in shaping local adaptation of the host along 103 this cline? Using studies of both laboratory and wild populations of D. melanogaster, we reveal 104 that (i) the identity of associated microorganisms influences the position of the flies along the 105 fast-slow axis; (ii) relative abundances of key members of the microbiota in wild-caught flies 106 correlate with life history traits and can be determined by host genetic selection; (iii), local 107 adaptation of the host genotype is independent of the microbiota, but can be masked by 108 microbiota effects. Together, these findings suggest that microbes are an essential 109 consideration in evaluating the causal basis for local adaptation in their animal hosts. 110
111

Results
112
The microbiota influences D. melanogaster life history strategy 113
In an evaluation of previously collected datasets (59, 60, 64), we noticed correlated influences 114 of Acetic Acid Bacteria (AABs) and Lactic Acid Bacteria (LABs) on D. melanogaster life history 115 traits. Specifically, the isogenic D. melanogaster CantonS line tended to display faster 116 development rates, higher feeding rates, lower lipid (TAG) levels, and lower starvation 117 resistance when monoassociated with AABs than LABs, and these correlated relationships were 118 statistically significant (Fig. 1) . The correlations were specific to the investigated traits since 119 starvation resistance and development and feeding rates were not correlated with glucose 120 content ( Fig. 1) , a nutritional index that is not usually considered with other life history traits (65). 121
Since the trait correlations were consistent with established patterns of life history tradeoffs in D. 122 melanogaster (65, 66), we hypothesized that variation in microbial colonization could influence 123 the position that individual flies occupy along the fast-slow continuum. To test this hypothesis, 124 we associated the same fly line with many different bacterial strains, and quantified additional 125 life history traits in D. melanogaster: lifespan, and fecundity. Lifespan was positively correlated 126 with SR and TAG content; but negatively correlated with 'fast' traits (fecundity, development 127 rate, and feeding rate, which were positively correlated); and uncorrelated with glucose content. 128
Among all tested life history traits, the correlation coefficients were consistent with the predicted 129 variation along the fast-slow axis, although two correlations with relatively low replication (n=12, 130 n=14) were not significant ( Fig. 1) . 131 Table S4 . 176
177
The second experiment tested if the fitness influences were limited to bacteria isolated form 178 laboratory flies by quantifying the fecundity, lifespan and fitness of D. melanogaster individually associated with additional bacterial strains ( Fig. 1) . Similar trends to the first experiment were 180 obtained, but with different patterns of significance. As in the first experiments, the Acetobacter 181 species conferred higher early fecundity than the other taxa tested, and, although the effects on 182 late fecundity were not statistically significant, a fitness differential between Acetobacter and the 183 other bacteria was obtained ( Fig. 2 E-H) . The common feature of the two complementary 184 experimental designs is that microorganisms have a stronger impact on the timing of fecundity, 185
a key life history trait, than on lifetime fitness. Thus, the microbe-dependent differences in 186 individual traits can lead to variation in the fast-slow strategy without reducing or promoting 187 fitness. 188 189
Host genetic selection influences latitudinal variation in D. melanogaster -associated LABs 190
To investigate the relevance of our laboratory studies to natural populations of D. melanogaster, 191 we turned to the well-studied latitudinal cline in the eastern United States, where low latitude 192 flies invest more in early reproduction than high-latitude flies (21, 35). We predicted that D. We then tested if host genetic selection on the microbiota could contribute to the observed 218 latitude-specific microbiota differences. We inoculated bacteria-free fly lines that were recently 219 derived from wild fly populations collected at the extrema of the eastern US (Maine, ME = high 220 latitude, Florida, FL = low latitude) with defined microbial communities of AABs and LABs. The 221 first experiment using our standard 5-species bacterial community derived from laboratory 222 Drosophila (as in Fig. 2A -D) obtained a nearly significant difference in the relative abundance of 223 AABs and LABs between the ME-and FL genotype flies (p= 0.07), and low overall relative 224 abundance of LABs (Fig. 3B ). The second experiment replaced the laboratory LABs by 4 LABs 225 isolated from wild Drosophila (Table S3 ), yielding a four-fold increase of LABs in ME flies, 226 relative to the first experiment, and a statistically significant difference between relative LAB 227 abundance in ME and FL flies (Fig. 3C ). These differences were largely driven by LAB 228 abundance in the ME67 line and supported by the lack of any detectable LABs (limit of detection 229 = 20 CFU fly -1 ) in 3 of 4 FL-derived fly lines (Fig. S2 ). The absolute AAB abundance did not differ significantly between ME-and FL-derived flies in either of the two experiments (Figs. S1-231 2), suggesting a genetic effect primarily on LABs. 232 233 Taken together, a broad experimental approach using two different sets of wild-caught versus 234 laboratory-reared wild flies indicates that: 1) D. melanogaster isolated from different 235 geographies can select for microorganisms that confer traits consistent with their geographic 236 adaptation; 2) the effect was more pronounced for LABs derived from natural populations than 237 from laboratory cultures of Drosophila; and 3) host genetic control appeared to be stronger for 238
LABs than for other associated bacteria. 239
240
The microbiota influences the life history of wild D. melanogaster 241
The wild flies analyzed above (Fig. 3A ) bore a microbiota that was consistent with the life history 242 strategy naturally adopted by those flies (21, 34, 70), raising the question whether microbiota 243 variation was necessary for variation in life history traits in geographically-selected fly 244 populations. We first assessed the contribution of host genotype to the life history strategies of 245 locally adapted fly populations by measuring the development rate and SR in ME-and FL-246 derived fly populations reared under microbiologically-sterile conditions. Consistent with a host 247 genetic role, the bacteria-free FL-fly genotypes adopted a 'fast' strategy relative to the bacteria-248 free ME-flies: they were less resistant to starvation stress and completed the developmental 249 period more quickly (Fig. 4A-B ). In the final set of experiments, we assessed how the microbiota 250 might influence the life history traits of the geographically-adapted flies (Fig. 4C-D) . When 251 reared with a single AAB-or LAB-strain that conferred extreme life history phenotypes in our 252 previous experiments, SR and development rate in high-and low-latitude flies were more similar 253 based on the inoculated microbes than on host genotype. These findings show that microbial 254 influence can override genetic adaptations to differences in life history strategy. 255 that support larval development. Thus, the many Acetobacteriaceae that are highly competitive 297 in aerobic environments with high concentrations of sugars and other readily assimilated 298 nutrients (40, 83) may represent a reliable cue for high-nutrient but ephemeral resources, 299 favoring a "fast" phenotype of the host; while many Lactobacillales, which utilize complex carbon 300 and nitrogen sources that are consumed more slowly (84), favor a "slow" phenotype of the host. 301
Evidence from several studies suggest that the blend of fermentation products produced by 302 microbial communities of different composition in the food and gut of Drosophila may represent 303 a reliable cue for habitats of different nutritional content and persistence (85-87). 304
305
We have also obtained evidence that host genetic selection of its microbiota plays a key role in 306 shaping the fast-slow strategy adopted by D. melanogaster. Consistent with this finding, there is 307 a strong overlap between D. melanogaster genes associated with local adaptation and host-308 microbe interactions. For example, of 160 previously identified genes that vary in flies across 309 latitudinal gradients (89), 45% have known or predicted (GWA, transcription) effects on 310 microbiota interactions (44, 90, 91) relative to 31% of 13991 total D. melanogaster genes. (Χ 2 = 311 7.03, p = 0.008). A causal role of the microbiota in these correlations is indicated by the 312 demonstration that TAG content of D. melanogaster is regulated in part through genetic control 313 of the microbiota (44). Furthermore, the genetic determinants of Acetobacter abundance in D. 314 melanogaster include many genes that are expressed predominantly or exclusively in neurons 315 (44), raising the possibility that sensory functions and behavioral traits (e.g. response to 316 microbial volatiles, diet preference and feeding rate) can mediate differences in microbiota (YG) diet (10% yeast, 10% glucose, 1.2% agar) containing 0.042% propionic acid and 0.04% 378 phosphoric acid (67)). Fly lines are listed in Table S3 . Wolbachia status of the flies was 379 determined using the wsp691-R (5'-AAAAATTAAACGCTACTCCA-3') and wsp81-F (5'-380 TGGTCCAATAAGTGATGAAGAAAC-3') as described previously (113). 381
382
To control bacterial exposure to particular microbial partners and to test for the influence of 383 individual microbes on life history traits, we reared flies under bacteria-free conditions or from 384 bacteria-free eggs with an inoculated, defined microbiota. Fly eggs were collected from grape 385 juice plates, dechorionated in 0.6% sodium hypochlorite for two 2.5 minutes washes, rinsed 386 three times with sterile water, and transferred to sterile YG diet (no acid preservative added) in a 387 biosafety cabinet, as in our previous work (54). Bacteria-free eggs were left unmanipulated, or, 388 to rear flies with a defined microbiota, were inoculated with 50 μl bacterial culture that had been 389 grown overnight and normalized to OD 600 =0.1. 390 391 Bacterial strains (Table S4) were cultured on specific media: modified MRS medium (mMRS; 392 1.25% peptone, 0.75% yeast extract, 2% glucose, 0.5% sodium acetate, 0.2% dipotassium 393 hydrogen phosphate, 0.2% triammonium citrate, 0.02% magnesium sulfate heptahydrate, 394 0.005% manganese sulfate tetrahydrate, 1.2% agar (67)), potato medium (pot; [Sigma P6685]), 395 lysogeny broth (LB; 1% tryptone, 0.5% yeast extract, 0.5% sodium chloride), and brain heart 396 infusion (BHI, Sigma 53286). All strains were grown at 30°C except Escherichia coli, which was 397 grown at 37°C. Strains grown under normoxia were shaken (liquid) or under ambient laboratory 398 conditions (solid). Strains requiring hypoxia were grown statically (liquid) or in a sealed 399 container flooded with CO2 (solid). distinguish Lactobacillaceae (large, white or yellow) and Acetobacter (small, tan) colonies. In a 513 followup study the same fly lines were reared with a 6-species inoculum composed of 4 514
Lactobacillaceae species isolated from wild Drosophila and the two previously used Acetobacter 515 strains, which were isolated from laboratory Drosophila (strains DmW_98, DmW_103, 516 DmW_181, DmW_196, apoc, atrc; Table S4 ). Samples were prepared and microbiota 517 composition was enumerated by the same methods as above. 518 519
Statistical analyses 520
To define the relationships between life history traits in monoassociated CantonS flies, Pearson 521 (if normal by a Shapiro test) or Spearman (if not normal by a Shapiro test) rank correlations 522 between mean phenotype values were calculated in R (125). All assays were performed on the 523 same fly genotype using the same diet formulation, bacterial strains, and general methods. One 524 major bifurcation in the data is that the previously published TAG content, development rate, 525 feeding rate, and glucose content data were collected in Ithaca, NY; whereas the SR, lifespan, 526 and fecundity data were collected in Provo, UT. The previously published data were used for 527 different purposes, and this is a nonredundant analysis of those data. 528
529
To test for genotype by microbiota differences in development rate or SR, Cox mixed effects 530 models were used (126, 127). Model complexity was determined by selecting the model with the 531 lowest AIC score. Differences in microbiota composition were defined by Kruskal-Wallis rank 532 sum tests or linear mixed effects models with a binomial family (114). 533
534
To test for statistically significant differences in the CFU abundance data we employed 2 535 approaches. First, we examined the raw CFU counts as a ratio of Lactobacillaceae to 536 linear mixed effects model with a binomial family (114, 115, 125) . If there was a cline-specific 538 difference, then the difference in the microbiota of fly lines was tested using fly genotype as a 539 fixed effect instead of geographic cline. We also compared the absolute abundances of the 540 bacteria. A Shapiro test was used to confirm the CFU abundances were not distributed normally 541 and differences between bacterial abundances in lines from ME-and FL-geographies were 542 determined by a Kruskal-Wallis test. Differences in bacterial abundances by fly line were 543 determined by a Dunn test with Benjamini-Hochberg correction after confirming a significant line 544 effect by a Kruskal-Wallis test. All tests were performed in R. (125, 128, 129) . 545 546
Data sharing 547
All fly lines and bacterial strains will be made freely available upon request to the corresponding 548 author. Sequence data are uploaded to public databases (Accession number forthcoming). 549 550 Supporting information captions 882 Figure S1 . A,B) Relative CFU abundances of Acetobacter (red) and Lactobacillus (blue) in 883 gnotobiotic 5-species fly lines isolated from wild-caught D. melanogaster in ME or FL, USA. 884
Differences between treatments were determined by a generalized linear mixed effects model 885 with a binomial family followed by ANOVA and, where p< 0.05 for the fixed effect, post-hoc 886 Tukey tests. Absolute CFU abundances of Acetobacter (C,D) and Lactobacillus (E,F) in 887 gnotobiotic 5-species fly lines derived from wild-caught D. melanogaster in ME, USA (blue) and 888 FL, USA (red). All the inoculated Lactobacillus species were isolated from laboratory-reared D. 889 melanogaster (67). Differences between treatments were determined by a Kruskal-Wallis test 890 which, if p < 0.05, was followed by a Dunn's test. 891 892 Figure S2 . A, B) Relative CFU abundances of Acetobacter (red) and Lactobacillaceae (blue) in 893 gnotobiotic 6-species (C,D) fly lines isolated from wild-caught D. melanogaster in ME or FL, 894 USA. Differences between treatments were determined by a generalized linear mixed effects 895 model with a binomial family followed by ANOVA and, where p< 0.05 for the fixed effect, post-896 hoc Tukey tests. Absolute CFU abundances of Acetobacter (C,D) and Lactobacillaceae (E,F) in 897 gnotobiotic 6-species fly lines derived from wild-caught D. melanogaster in ME, USA (blue) and 898 FL, USA (red). All the inoculated Lactobacillus species were isolated from wild D. melanogaster 899 (130-132); data not shown}. Differences between treatments were determined by a Kruskal-900 Wallis test which, if p < 0.05, was followed by a Dunn's test. 901 902 Figure S3 . Rarefaction analysis of microbiota data in Fig. 3A , performed using QIIME 1.9.1. 903
